This analysis shows that the total optical thickness of the cloud layer increased in the ship tracks, in contrast to the similar-ity parameter which decreased. The decrease in absorption was a direct consequence of the reduction in cloud droplet size that occurred within the ship tracks.
the size of water droplets in low-level water clouds [T~zomeg et (I/. , 19841 . Wixlex ( I9891 has argued that the large increase in SO2 emissions that has occurred in the northern hemisphere this century may have resulted in enhanced concentrations of sulfate particles and hence CCN, thereby increasing cloud droplet concentrations and in that way producing clouds with higher albedos in the northern hemisphere than in the southern hemisphere. This suggestion is consistent with lltrrhec~'s 119901 analysis of 3 years of AVHRR satellite observations over the Pacific Ocean, which shows that the aerosol optical thickness and cloud reflectance at 3.7 pm are both approximately twice as large in the northern hemisphere as in the southern hemisphere. A striking example of the effects of anthropogenic CCN on cloud radiative properties can be found in satellite observations of marine stratocumulus clouds modified by emissions from ships. These so-called "ship tracks" in clouds were first observed in satellite imagery under conditions in which exhaust particles emitted by ships were responsible for producing a visible cloud in otherwise cloud-free conditions as deduced by satellite [Cotmw, 19661. Coul\ley et al. [1987] and Alhtwht [ I9891 further noted the frequent and long-lived occurrence of ship track signatures in preexisting stratus and stratocumulus clouds, as evident by the enhanced reflectance of the clouds produced by exhaust from these ships, especially at 3.7 pm [see Scorer, 19871 pollution from ships. Selected radiative and microphysical properties of these clouds, together with AVHRR satellite images. were previously described by Rrdke et ~1. [1989] . In this paper, we present internal scattered radiation measurements at selected wavelengths between 0.5 and 2.3 pm that were obtained in the same 120-km section of marine stratocumulus clouds containing these two ship track features. The angular distribution of scattered radiation in a vertical plane on the right-hand side of the aircraft was measured aboard the University of Washington's Convair C-13 1A research aircraft using the cloud absorption radiometer (CAR) described by King et al. [1986] . In addition to the radiation measurements, the cloud microphysical structure, including cloud droplet size distribution and liquid water content, were monitored continuously with instruments aboard the aircraft. Finally, we present the optical thickness and spectral absorption of the cloud layer derived from scattered solar radiation measurements using the diffusion domain method [King, 1981; King et al., 19901. 
SUMMARY OF OBSERVATIONS
Measurements of the radiative and microphysical properties of clouds modified by the emissions from ships were obtained off the coast of southern California on July 10, 1987, as part of the FIRE IF0 program [Radke et al., 19891. On this day the C-131A aircraft was flying within a marine stratocumulus cloud layer about 400 m thick enroute to a coordinated mission with the NASA ER-2 aircraft when it encountered two anomalous regions of cloud, each approximately 10-15 km in width, that exhibited substantial differences in cloud radiative and microphysical properties from the surrounding cloud. Figure 1 illustrates a GOES 6 visible image of marine stratocumulus cloud obtained at 1615 UTC (0915 PDT) on July 10. Superimposed on this figure is the location of the C-131A flight track between 0850 and 0915 PDT. As is common for marine stratocumulus clouds of the eastern Pacific, these clouds were under the influence of a high-pressure system centered near 35"N, 14O"W, which produced a cloud pattern aligned with the boundary layer winds from the north. The bright lines of clouds between 33S"N, 121.O"W and 32.5"N, 120.5"W are the two anomalous cloud regions referred to above, which were penetrated by the aircraft at 0857-0859 and 0905-0908 PDT. A corresponding image obtained with the NOAA 10 AVHRR at 0838 PDT can be found in the work by Radke et al. [ 19891. We attribute these two anomalous regions of cloud to ship tracks, as described below.
CLOUD MICROPHYSICAL MEASUREMENTS
The University of Washington C-131A research aircraft is well equipped for measuring cloud microphysical properties. The primary instruments of interest to the present investigation of water clouds are: (1) a Johnson-Williams hot wire probe for measuring the cloud liquid water content, and (2) three Particle Measuring Systems Inc. (PMS) probes for measuring the cloud droplet size distribution. These size distribution measurements were obtained using an FSSP-100, an OAP-200X cloud probe, and an OAP-200Y precipitation probe to cover the radius range from 1.4 to 2250 pm. Detailed descriptions of these instruments can be found in the work by Knollenberg [1981] .
Plate 1 depicts the cloud droplet size distribution as a function of distance along the flight track for measurements obtained within the stratocumulus cloud layer between 0850 and 0915 PDT on July 10, 1987. At the average ground speed of80ms-' , this image corresponds to a flight distance of 120 km. The aircraft was flying at an altitude of 725 m near the middle of the cloud layer, which was itself about 440 m thick as determined by profile descent measurements obtained through a stratocumulus cloud layer some 130 km south and 1 hour 50 min later than the ship track penetration. The measurements presented in Plate 1 were acquired with the FSSP-100 and OAP-200X, and extend the corresponding FSSP-only image that was presented by Radke et al. [1989] . The concentrations of droplets measured with the OAP-200Y (r 2 150 pm) were generally too small to be significant and are therefore omitted from Plate 1.
The ship track features centered near 38 and 78 km are readily apparent in Plate 1 as having an enhanced concentration of small droplets, a reduced mode radius, a reduced concentration of drizzle-sized droplets (r 2 100 pm), and a narrower cloud droplet size distribution. This reduction in the concentration of drizzle-sized droplets, first suggested by Albrecht [1989] and observed by Radke et al. [1989] , can also be seen in Figure 2 , which contrasts the cloud droplet size distribution in portions of the cloud affected by ships with corresponding portions of the cloud "uncontaminated" by ship track effluents. These results represent averages of measurements obtained using the FSSP-100 (squares) and OAP-200X cloud probe (circles), where the solid symbols correspond to the portions of the cloud affected by ships and the open symbols to uncontaminated cloud. The droplet size distribution of the uncontaminated cloud has a larger concentration of drizzle droplets than does the cloud affected by ships, a characteristic that was frequently observed during the FIRE marine stratocumulus IF0 [Albrecht, 1989; Radke et al., 19891 .
From measurements of the cloud droplet size distribution it is straightforward to calculate both the total concentration and effective radius of the cloud droplets, where the effective radius r, is defined by 
where n(r) is the concentration of cloud droplets in the radius range r to r + dr. Figures 3 and 4 show the droplet concentration and effective radius as a function of distance (or time) for measurements obtained inside clouds between 0850 and 0915 PDT. These results, obtained from the size distribution measurements presented in Plate 1, clearly show the dramatic increase in droplet concentration and decrease in effective radius in both regions of cloud affected by ships. These are just the effects to be expected from clouds modified by effluents from ships in otherwise pristine marine air. Figure 5 shows a corresponding time series of cloud liquid water content measured with the Johnson-Williams hot wire probe, and demonstrates that the liquid water content is substantially enhanced in both ship track regions, as reported by Radke et al. [1989] .
The increased droplet concentration, decreased particle size, and increased liquid water content that we observed in both ship track features that we penetrated on July IO all act in such a way as to increase the optical thickness of the portions of the cloud affected by ships. This is consistent with the increased reflectance of the clouds along the ship tracks that we reported from AVHRR satellite imagery [Radke et a/., 19891, and which is apparent in the GOES 6 visible image presented in Figure 1 .
RADIATION MEASUREMENTS
In addition to cloud microphysical properties, the C-13 1A aircraft carries a cloud absorption radiometer (CAR) developed at Goddard Space Flight Center. This instrument, a 13-channel scanning radiometer mounted in the nose of the aircraft, scans in a vertical plane from 5" before zenith to 5" past nadir (190" aperture) with an instantaneous field of view of 1". This permits observations of the angular distribution of scattered radiation from zenith to nadir at 13 discrete wavelengths between 0.5 and 2.3 pm with as much as a 5" roll of the aircraft. A detailed description of this instrument can be found in the work of King et al. [1986] .
Figures 6 and 7 illustrate the zenith and nadir intensities as a function of distance (time) for measurements obtained inside clouds for a 120-km section of the cloud studied on July 10, 1987. These data, corresponding to observations obtained with the cloud absorption radiometer at 0.744 and 2.20 pm, respectively, show that the zenith and nadir intensities were substantially modified by the ships. At A = 0.744 pm (Figure 6 ), for example, the upwelling (nadir) intensity increased from approximately 40 to 110 W mp2 pm-' sr -' in the first ship track, with a somewhat less dramatic, though more uniform, increase in the second ship track. The downwelling (zenith) intensity, on the other hand, showed a modest decrease in both ship tracks. These changes are consistent with the fact that the total optical thickness of the cloud layer increased, and are a direct consequence of the observation that the total concentration and concentration of small droplets increased, while the mean droplet radius decreased.
At A = 2.20 pm (Figure 7 ), both the upwelling (nadir) and downwelling (zenith) intensities decreased within the ship tracks. Again, the change is the most dramatic and the least uniform in the first ship track. The explanation for these changes can be understood as follows. As the optical thickness increases, the additional scattering leads to increased attenuation of solar radiation at this absorbing wavelength. The intensity distribution is thus reduced in all directions within the cloud. This is not the case for reflected solar wavelength increases is readily apparent in this figure as an increasingly large decrease in the transmitted intensity field, especially evident in the ship track features. The broadband pyranometer, which again reflects primarily the measurement at nonabsorbing wavelengths near 0.744 pm, shows that the downwelling flux was reduced slightly in the ship tracks, as anticipated from an examination of Figure 9 .
5.

RESULTS FROM OBSERVATIONS
Although the major changes in the internal scattered radiation field within the ship track-modified marine stratocumulus clouds can be explained by changes in cloud optical thickness, both above and below the aircraft, it is conceivable that soot particles from the ship exhaust could also have a direct effect on the spectral intensity field within the clouds. In fact, one might argue that, in addition to increasing optical thickness by the emission of cloud condensation nuclei, the ship exhaust could lead to increased absorption by the cloud droplets. Two competing effects are thus possible: (1) increased absorption from aerosols, either as a result of dirty water or interstitial aerosol; and (2) decreased absorption because the cloud droplets are smaller.
To assess the importance of these two effects on the ship track-modified clouds that we observed, we applied the diffusion domain method to the radiation measurements presented in Figures 8 and 9 . In this method, described in detail by King et al. [1990] , the intensity of scattered radiation deep within a cloud layer is measured as a function of zenith angle for selected wavelengths in the visible and near-infrared.
To be applicable, therefore, the measurements must be obtained within the diffusion domain of an optically thick medium, defined as a region sufficiently far from the top and bottom boundaries of the cloud such that the diffuse radiation field assumes an asymptotic form characterized by rather simple properties. In particular, the angular intensity distribution becomes azimuthally independent and monotonically decreasing from zenith to nadir, with the relative angular distribution of scattered radiation being independent of the solar zenith angle and a strong function of the similarity parameter s, defined by
where g is the asymmetry factor and w. the single scattering albedo of a small volume of cloud air. Using asymptotic theory for thick layers, King [I9811 showed that the ratio of the nadir-to-zenith intensities within the diffusion domain of an optically thick medium is solely a function of the surface reflectance (A,), similarity parameter (s), and scaled optical depth between the aircraft flight level and the base of the cloud [( 1 -g)(Tc -T)]. Since the measurements presented in Figures 6-9 were acquired over the Pacific Ocean some 300 km west of San Diego, the spectral reflectance of the ocean surface was small, quite uniform, and easy to characterize. We determined A, for each channel of the CAR by assuming the transmitted intensity field beneath optically thick clouds is azimuthally independent, thereby permitting us to integrate our transmitted intensity measurements over zenith angle to obtain estimates of the spectral fluxes in the upward and downward hemispheres. Table 1 summarizes the spectral surface reflectances and corresponding standard deviations obtained from this analysis for all 13 channels of the CAR. Slight adjustments have been made for channels 11-13, since the transmitted intensity field experienced some saturation in the zenith direction in each of these channels.
To determine which measurements in Figures 6-9 are within the diffusion domain, we developed a comprehensive set of tests to which the CAR data were subjected. These tests, described in detail by King et al. [ 19901, are based on the fact that the angular intensity field in the diffusion domain of an optically thick, conservatively scattering medium varies as the cosine of the zenith angle (namely, Z(T, cos 0) = a + b cos 0). We have applied these criteria to channel 1 (A = 0.503 pm) of the CAR for each of the 2363 scans presented in Figures 8 and 9 , from which we conclude that 586 scans met these criteria.
Once the portions of a flight containing diffusion domain measurements have been identified, it is rather straightforward to analyze the measurements to derive the spectral similarity parameter of the clouds using the diffusion domain method. Before applying this method to the experimental observations presented in Figures 8 and 9 , it was first necessary to calculate the relative optical thickness and asymmetry factor of water clouds as a function of wavelength for the cloud layer having the measured cloud droplet size distribution. Due to the large variability in cloud microphysical properties for this section of cloud, we found it necessary to subdivide the data into subsections for which the effective radius was relatively constant. We therefore chose to perform these single scattering calculations for 14 different size distributions, each of which represented an average of all measured size distributions within an effective radius range of 1 pm (e.g., 7 5 r, < 8 pm). Figure 2 illustrates two of these size distributions, one having an effective radius in the range 7 5 r, < 8 pm, characteristic of ship track contaminated clouds, and the other having r, in the range 11 5 re < 12 pm, characteristic of uncontaminated clouds. The single scattering computations required a blend of Mie theory for size parameters (2arlA) less that 100 and complex angular momentum (CAM) theory [Nussenzveig and Wiscombe, 19801 for size parameters greater than 100. The use of CAM theory permitted us to efficiently calculate the spectral optical thickness and asymmetry factor for measured droplet size distributions containing an appreciable number of large drizzle drops, drop sizes that would otherwise be prohibitively expensive to include in Mie theory computations.
The scaled optical depth between the aircraft flight level and the base of the cloud was derived for each scan line of Figure 6 that satisfied the diffusion domain criteria. The lower curve in Figure 10 illustrates the optical depth T, -T as a function of distance, where we converted scaled optical depth to optical depth using the asymmetry factor applicable to this wavelength (A = 0.744 pm). Of the 586 scan lines that passed our restrictive diffusion domain criteria, the vast majority were in the optically thick regions containing ship track signatures and in the optically thick region between 100 and 110 km that corresponds to the stratocumulus cellular 
region clearly evident
in the GOES 6 visible image toward the end of the C-13 IA flight track (cf. Figure I ). As expected, the ship track measurements between 35 and 40 km corresponded to the region of cloud having the largest optical depth beneath the aircraft, since the angular intensity measurements obtained in this region of cloud were the most nearly isotropic of the measurements that we obtained (cf. Figure 6 ).
Given the surface reflectance and optical depth beneath the aircraft for an individual scan of the radiometer at a specified wavelength, the intensity ratio Z(T, -~)/Z(T, 1) is reduced solely to a function of the similarity parameter s. Utilizing this relationship, described in detail by King et a/.
[1990], we were able to calculate the intensity ratio as a function of similarity parameter and match this functional relationship with the measured intensity ratio to derive a value of the similarity parameter for a given measurement and wavelength. Figure 11 illustrates the similarity parameter as a function of distance for four wavelengths of the CAR. This analysis is based entirely on the ratio of the nadir-to-zenith intensities obtained from the measurements presented in Figures 8 and  9 , and as such is entirely independent of the absolute calibration of the radiometer. The decrease in the similarity parameter that we obtain within the ship track-modified cloud layer is a direct consequence of the fact that the effective radius of the cloud droplets decreased (cf. Figure  4) , since the similarity parameter s is proportional to r:" [Twomey andBohren, 19801. These results are in no way due to a decrease in the imaginary part of the complex refractive index of the cloud droplets themselves. Due to the use of a filter wheel to measure the intensity field in channels 8-13, diffusion domain measurements were obtained in this time interval for between 71 and 79 scans, depending on filter position, in contrast to 586 scans for the first seven, simultaneously sampled channels.
Finally, in order to determine the optical depth (7) above the aircraft, and hence the total optical thickness (Tc) of the cloud layer, it is necessary to make use of the absolute intensity measurements in a particular direction (say nadir), in combination with the values of 7,. -T, A, and s derived previously from relative intensity measurements. King et al. [1990] showed that in the diffusion domain of an optically thick layer, the nadir (upwelling) intensity Z(T, -1) can be written as z(T, -1) = s,P(l)r 
In these expressions, k is the diffusion exponent (eigenvalue) describing the vertical attenuation of radiation in the diffusion domain, P(u) the diffusion pattern (eigenfunction), u the cosine of the zenith angle with respect to the positive 7 direction (-1 5 N 5 l), p. the cosine of the solar zenith angle, F. the incident solar flux, K(po) the escape function, s, the strength of the diffusion stream in the positive 7 direction, A* the spherical albedo of a semi-infinite atmosphere, D the diffusion pattern ratio P( -l)/P( l), and m, n, and 1 constants.
All six asymptotic constants that appear in these expressions [A*, D, m, n, I, and kit 1 -g)] may be accurately represented by a function of the similarity parameter s, as demonstrated by King [ 19811. Thus, from our analysis of s at 0.744 pm, obtained by applying the diffusion domain method to relative intensity measurements (cf. Figure 1 l) , it is rather straightforward to calculate the asymptotic constants arising in (3) and (4) using the similarity relations given by King et al. (19901. The diffusion pattern P(l) can be estimated by noting that when s is small, as it is for h = 0.744 pm, the diffusion pattern P(u) = a + bu, the assumption for the angular distribution of scattered radiation in the Eddington approximation. Hence, by combining the definition of D = P( -l)/P( 1) with the definition of m, given by it can readily be shown that P( 1) can be approximated by the expression:
which can readily be evaluated using the similarity relations form and D.
The solar zenith angle B. decreased from 56.7" at the beginning of the time series (0850 PDT) to 52.6" at the end (0915 PDT). For small absorption the escape function K(pO) can be related to the escape function for conservative scattering KO(po), which itself is very nearly a linear function of p. [van de H&t, 19801. For anisotropic cloud phase functions appropriate to water clouds at visible wavelengths, it is therefore sufficient to approximate K(pLO) as follows: 
where q. is the extrapolation length. It is sufficiently accurate to approximate the reduced extrapolation length q' = (1 -g)qo by 0.714 [King, 19811. Substituting these expressions and values into (3) and (4), we were thus able to Figure 10 illustrates the total optical thickness (T,.) as well as the optical depth beneath the aircraft (TV -T) as a function of flight track distance for all measurements presented in Figure 6 that satisfy the diffusion domain criteria. These results, together with the similarity parameter derived and presented in Figure 11 , demonstrate that the radiative properties of marine stratocumulus clouds affected by pollution from ships can be explained as follows: (I) an increase in the total optical thickness of the cloud layer, (2) a reduced effective radius of the cloud droplets, and (3) a reduced similarity parameter (increased single scattering albedo) of the cloud droplets. Table 2 summarizes the optical and microphysical properties of marine stratocumulus clouds derived from our analysis of two ship track signatures observed on July 10. 1987.
SUMMARY ANI) CONCLUSIONS
In this paper we have presented results of an application of the diffusion domain method to multispectral solar radiation measurements obtained deep within a marine stratocumulus cloud layer modified by pollution from ships. In this method, in situ airborne measurements of the relative angular distribution of scattered radiation are compared to known asymptotic expressions for the intensity field deep within an optically thick cloud layer. Analytic expressions relating the ratio of the nadir-to-zenith intensities to surface reflectance The measurements presented in this article were acquired in a layer of clean marine stratocumulus cloud approximately 400 m thick and located about 300 km west of San Diego, California. The aircraft was flying at 725 m near the middle of the cloud layer when it encountered two regions of cloud having anomalous microphysical and radiative properties. We attribute these anomalies to regions of influence from ships, as evidenced by the large increase in the cloud droplet concentration, decrease in effective particle radius, and increase in the liquid water content (cf. Figures 3-5) . The angular scattering measurements within the cloud layer show that the nadir (upwelling) intensity field increased at a weakly absorbing wavelength (0.744 Fm) and decreased in the near-infrared (2.20 pm) where absorption by liquid water is significant, in contrast to nearby clouds unaffected by ships (cf. Figures 6 and 7) . Furthermore, the zenith (downwelling) intensity field decreased at all wavelengths but the greatest decrease occurred at wavelengths for which the absorption by cloud water was the greatest.
To apply the diffusion domain method to these experimental observations, it was first necessary to determine whether the observations were made far enough from the top and bottom boundaries of a sufficiently thick cloud to be within the diffusion domain, defined as a region where the diffuse radiation field assumes an asymptotic form characterized by rather simple properties. This has been accomplished by comparing the measured intensity as a function of zenith angle with that expected from theory for a nonabsorbing or weakly absorbing wavelength, as described in detail by King et al. [1990] . An application of this method, which consists of multiple criteria for establishing that the measurements were obtained within the diffusion domain, resulted in 586 of the 2363 scans presented in Figures 8 and 9 meeting these criteria. In general, these scans were obtained in the optically thickest (ship track-contaminated) portions of the cloud layer.
Once the angular scans containing diffusion domain measurements have been determined, it is rather straightforward to analyze these measurements to derive the scaled optical depth beneath the aircraft as well as the spectral similarity parameter of the clouds at each of the CAR wavelengths. These results, obtained using the diffusion domain method, are presented in Figures 10 and 11 , where the conversion from scaled optical depth to optical depth was based on the asymmetry factor calculated from the measured cloud droplet size distribution appropriate to the section of cloud being analyzed. Finally, the determination of the optical depth above the aircraft, and hence the total optical thickness of the cloud layer, required an application of asymptotic theory to calibrated intensity measurements in the nadir (zenith propagating) direction. In addition to the nadir intensity
